Introduction {#s0001}
============

The ability of bispecific antibodies to bind two different antigens or epitopes enables a wide range of clinical applications that cannot be addressed through traditional monospecific monoclonal antibodies. These applications include redirecting effector cells to engage tumor cells,[@cit0001] circumventing escape mechanisms,[@cit0002] targeting heterogeneous tumors,[@cit0003] actively crossing the blood-brain barrier,[@cit0004] and enhancing tissue specificity.[@cit0005] Even though they were first described in the literature over 50 ago,[@cit0006] many bispecific antibodies that have entered the clinic, and the only two (catumaxomab, blinatumomab) that have been approved for therapy in the US or Europe, redirect T cells to engage tumor cells.[@cit0007] Discovering antibodies for this therapeutic mechanism of action has generally been performed by pairing a given CD3-specific antibody with panels of tumor-associated-antigen-specific antibodies. The resulting bispecific antibodies are then screened in T cell-mediated tumor killing assays to select ones that cause efficient synapse formation, which is dependent on the proximity of the epitope to the membrane.[@cit0008] However, antibodies that modulate receptor signaling are susceptible to geometric constraints in an unpredictable manner, so their properties can only be identified empirically through antibody generation and functional screening.[@cit0009] Therefore, it may be naïve to assume this sequential approach to bispecific antibody discovery, as used for T-cell redirecting antibodies, will be successful for other mechanisms of action or result in a drug with the most optimal properties.

In order to discover bispecific antibodies with superior therapeutic properties, a greater degree of antibody generation and screening may be required[@cit0012] compared to traditional monoclonal antibody discovery because of additional degrees of freedom. This process has been hindered by the complexities associated with generating appropriate molecules for both discovery and manufacturing purposes. Although over 60 different bispecific antibody formats that use various approaches to circumvent production issues have been described in the literature,[@cit0013] many of these formats do not have the same level of "developability", a term used to describe the ability to successfully manufacture a well-behaved drug.[@cit0013] The bispecific IgG (BsIgG) format that most closely resembles monoclonal antibodies is considered by many[@cit0014] to be the preferred choice, since these are more likely to maintain the desirable properties associated with monoclonal antibodies without the need for individual customization for each antibody pair selected.[@cit0007]

BsIgG are challenging to produce in a single host cell because the random pairing of the two heavy and two light chains results in the expression of 10 different IgG species with only one being the BsIgG of interest. This reduces the overall yields of the BsIgG, and its relatively low concentration amongst the byproducts results in the need for elaborate purification techniques that still result in some amount of contamination with other IgG species, which poses potential clinical and regulatory risks. While alternative strategies exist to overcome this issue, they can be resource intensive[@cit0014] or do not completely eliminate mispairing while introducing a significant mutational load, which may lead to immunogenicity.[@cit0005]

An alternative approach for single cell manufacturing of BsIgG is to use antibodies that are based on the same light chain in combination with a minimal set of Fc mutations to drive heavy chain heterodimerization.[@cit0022] The resulting BsIgG can readily be purified from the two undesired byproducts.[@cit0016] While this "common light chain" approach was introduced two decades ago[@cit0022] and has more recently been explored due to the renewed interest in bispecific antibodies,[@cit0012] it has yet to be shown to be a reliable approach for the generation of diverse, high-affinity panels of antibodies to a variety of antigens. For example, pioneering work in this field illustrated that it was possible to generate antibodies toward multiple antigens using a library with a restricted light chain repertoire,[@cit0022] but a decade later the highest affinity common light chain antibody reported without individual optimization is only 35 nM.[@cit0026] More recent work described common light chain antibodies with low nanomolar and even picomolar affinities, but this was limited to just two antibodies to each of two antigens.[@cit0025] Nevertheless, we expected the generation of diverse panels of high-affinity antibodies targeting a broad array of antigens would be feasible by applying the appropriate library design and synthesis techniques, since cartilaginous fish and camelids naturally generate diverse panels of high affinity single variable domain antibodies.[@cit0029] Further, a recent report demonstrating the ability to generate large panels of high affinity antibodies based on common heavy chain antibodies further enforced this potential.[@cit0018] Manufacturing of BsIgG, however, typically requires a custom purification protocol for each BsIgG,[@cit0016] which makes the generation of smaller quantities of numerous high-purity bispecific antibodies required for biophysical characterization and functional screening time consuming and labor intensive. The development of methods to expedite this process is long overdue.

We describe here a synthetic human antibody library based on a set of common light chains that was used to generate diverse panels of high affinity antibodies toward multiple antigens. To facilitate screening of BsIgG based on various combinations of antibodies, we developed a methodology including automated purification that enables the milligram-scale production of dozens of high-purity BsIgG per week. This method was utilized to generate hundreds of antibodies toward mouse 4-1BB, which were tested for agonistic activity *in vitro*. This approach allowed us to identify antibodies with a wide range of agonistic activity that are being used to further investigate the therapeutic potential of antibodies targeting 4-1BB.

Results {#s0002}
=======

Library design {#s0002-0001}
--------------

A total of four heavy chain and three light chain human germline frameworks were selected as the backbone for the synthetic library. V~H~1-69, V~H~3-15, V~H~3-23, V~H~5-51, V~κ~1-39, V~κ~3-20 and V~λ~1-47 were chosen based on their frequency in the memory compartment of the immune repertoire obtained from 10 healthy donors, natural pairing frequencies,[@cit0030] canonical complementarity-determining region (CDR) structural diversity[@cit0033] and stability.[@cit0034] These criteria were chosen to allow the generation of antibodies targeting a broad array of antigens with desirable biophysical properties while minimizing the risk of immunogenicity. The undiversified common light chain sequences were based on germline V and J segments lacking junctional diversity. This resulted in CDR-L3 lengths of 9 for V~K~1-39 and V~K~3-20 and 11 for V~L~1-47, which, not surprisingly, also correlate with the most frequently found lengths in nature for each germline (Fig. S1A). The resulting light chain sequences for all three germlines were found in all 10 donors, suggesting a low probability of immunogenicity.

The diversity introduced into the heavy chain was designed to further support the above-mentioned design criteria. Positions to diversify were limited to the CDRs and selected based on structural proximity to the antigen and abundance of natural amino acid variability.[@cit0036] This was accomplished by analyzing representative crystal structures for each heavy chain germline found in the Protein Databank Bank (PDB) in conjunction with the immune repertoire data from over 228 donors. This analysis resulted in the generation of germline-specific designs for CDR-H1 and CDR-H2 ([Fig. 1A](#f0001){ref-type="fig"}). The amino acid diversity to include was based on the natural amino acid distribution of non-redundant naïve B cell sequences from the immune repertoire of these donors to avoid biasing the results based on clonal expansion.[@cit0037] For each position selected for diversification, all amino acids found at a frequency above 1% were included with the exception of cysteine, which was excluded to avoid potential protein expression issues. The germline amino acid was used for all other positions. Figure 1.Human synthetic antibody library design. (A) Amino acid usage in the library design for V~H~3-23 CDR-H3 length 12. Kabat numbering and germline reference amino acid are shown for each position. (B and C) Library post-translational modification (PTM) motif reduction. (B) Theoretical frequency of potentially detrimental PTM motifs in the library design for each germline before and after removal from CDR-H1 and CDR-H2. (B) Results for individual PTM motifs for CDR-H3 length 12. (C) Theoretical frequency of all PTM motifs before (x-axis) and after (y-axis) removal from CDR-H1 and CDR-H2 across all CDR-H3 lengths. Each symbol represents a different CDR-H3 length for the indicated germline and the arrow indicates how the frequencies increase with increasing CDR-H3 length.

For CDR-H3, the design consisted of a cassette that spanned lengths of 6 to 17 amino acids (Kabat positions 95--102), which accounted for 81% of the unique sequences found in the immune repertoire analyzed (Fig. S1B). The same cassette was used for each germline, since for a particular CDR-H3 length, there is a high degree of amino acid usage similarity across germlines (Pearson\'s *r* = 0.93± 0.01 across lengths of 6--17 amino acids, Fig. S1D). Synthetic libraries typically use a CDR-H3 length distribution profile that mimics the bell-shaped distribution found in nature[@cit0030] (Fig. S2A). However, combining this approach with the natural amino acid distribution found at each position results in upwards of 100,000 copies for the shorter CDR-H3 sequences, which decrease the overall library size, while longer CDR-H3 lengths containing the most diversity are under-sampled (Fig. S2B).[@cit0037] To increase the number of unique CDR-H3s present in the library, this redundancy and under-sampling was minimized by using a sigmoidal-shaped length distribution profile (Fig. S2A), and the amino acid frequency profiles were smoothed by applying a damping coefficient to decrease the frequency of the more frequent clones while maintaining the hierarchal amino acid usage in each position (Fig. S2C). This reduced the redundancy of CDR-H3 sequences by up to 372-fold (Fig. S2B) and increased the overall diversity of the library.

Library synthesis {#s0002-0002}
-----------------

The library was constructed using the Slonomics® gene synthesis technology, which relies on a set of universal building blocks called anchors.[@cit0037] In total, there are 4096 unique anchors that encode all combinations of DNA codons in adjacent positions (64^2^ = 4096). Pools of anchor molecules are assembled in a series of ligation and digestion reactions to synthesize small stretches of DNA one codon at a time, which are then combined to generate longer stretches of DNA. Anchors used in library synthesis were selected using an algorithm designed to incorporate the desired amino acids at the desired frequencies while minimizing the presence of restriction sites that are used in Slonomics®-based DNA synthesis and engineered into the frameworks of each germline for cloning. The library design also takes into consideration codon usage to maximize protein expression in the desired hosts, in this case *E. coli* and mammalian expression systems.

Library synthesis accuracy was improved by determining the incorporation efficiency of each anchor through the synthesis of 128 libraries each containing 32 different anchors at equal molar ratios to account for the 4096 unique anchors. These libraries were subjected to Roche 454 sequencing and the relative incorporations of each anchor were used to generate correction factors to compensate for their incorporation efficiency (Fig. S3A). These correction factors were used to adjust the frequency of each anchor within each pool of anchors used to assembly the library and increased the accuracy of amino acid incorporation at each position (Χ^2^ = 35.9 vs 41.0, Fig. S3B). The positional amino acid accuracy increase was compounded when looking at the combinatorial amino acid frequency across all positions (Χ^2^ = 5.0 vs 13.8, Fig. S3C), which is a more critical assessment of library synthesis accuracy since this is where the library diversity grows exponentially.

All combinatorial library designs result in the presence of common troublesome post-translational modifications including deamidation (NS, NG NH), isomerization (DS, DG) and protease cleavage (DP).[@cit0030] The frequencies of these motifs vary across the different germline libraries and emerge with higher frequencies when they are present in the germline CDR sequences. For example, V~H~5-51 CDR-H2 has a DS motif in its germline sequence and the library design would result in this motif appearing in 88% of the CDR-H2 sequences, while V~H~1-69 does not have any of these motifs in its germline CDR sequences and the library design would result in each of these motifs appearing in less than 8% of the CDR-H1 and CDR-H2 sequences combined (Fig. S4). To address this issue, anchor molecules encoding these post-translational modifications were removed prior to the synthesis of CDR-H1 and CDR-H2 for each germline. This strategy significantly reduced the overall frequency of antibodies containing these motifs, while minimizing the loss of antibodies that may require these motifs in CDR-H3 for antigen specificity ([Fig. 1B](#f0001){ref-type="fig"} and [1C](#f0001){ref-type="fig"}).

The heavy chain CDRs were assembled with undiversified framework regions that were codon optimized for both *E. coli* and mammalian expression[@cit0039] to maximize phage display levels for antibody isolation and future expression as full-length IgGs for functional testing, respectively. Roche 454 sequencing was used to assess the quality of the libraries prior to transformation into *E. coli*. In general, the amino acid frequencies following library synthesis correlated very well with the design, amino acid liabilities were reduced, and the desired amino acid diversity was generated (data not shown). The libraries were individually cloned based on germline and CDR-H3 length into a phagemid containing each of the three common light chains codon optimized for expression in *E. coli*. A total of 106 transformations were used for each heavy chain and light chain pairing, resulting in a total library of 9 × 10^11^ transformants (Table S1).

Antibody generation {#s0002-0003}
-------------------

The libraries were used to generate antibodies toward a panel of antigens, including human EGFR, mouse 4-1BB and mouse ROR2 ([Table 1](#t0001){ref-type="table"}). This was accomplished by subjecting the phage displayed libraries to 4 rounds of panning using antigen that was site-specifically biotinylated through an Avi-tag at the C-terminus in order to minimize potential disruption of epitopes through random conjugation or alteration of protein folding following adsorption onto 96-well plates.[@cit0041] The biotinylated antigen was captured on streptavidin or neutravidin-coated 96-well plates to enrich for antigen-specific antibodies. A 5th and final round of panning was performed in solution with antigen concentrations as low as 5 nM to preferentially enrich for higher affinity clones. Table 1.Library panning and antibody screening summary.    ELISA breakdown of unique clones AntigenLibraryTotalUnique (% total)[^a^](#t1fn0001){ref-type="fn"}Antigen specific (%)[^b^](#t1fn0002){ref-type="fn"}Tag specific (%)[^c^](#t1fn0003){ref-type="fn"}Polyreactive (%)[^d^](#t1fn0004){ref-type="fn"}Non-binders (%)[^e^](#t1fn0005){ref-type="fn"}Biacore binders (% tested)4-1BBCLC1536887 (58%)750 (85%)4 (0%)124 (14%)9 (1%)73 (78%)EGFRCLC1344601 (45%)555 (92%)8 (1%)29 (5%)9 (1%)73 (97%)ROR2CLC30721244 (40%)1175 (94%)9 (1%)57 (5%)3 (0%)86 (96%)4-1BBShuffled15361224 (80%)1180 (96%)26 (2%)15 (1%)3 (0%)84 (92%)[^3][^4][^5][^6][^7][^8]

Following the final round of panning, up to 3072 clones were randomly chosen for each antigen panned ([Table 1](#t0001){ref-type="table"}). Each clone was sequenced and its binding to four antigens was performed using an automated phage ELISA ([Fig. 2A](#f0002){ref-type="fig"}). In addition to the antigen used for panning, antigen specificity was determined by measuring binding to an irrelevant protein containing the same tags used for purification and biotinylation (i.e., a "tag control") as well as insulin and single-stranded DNA (ssDNA) to provide a preliminary polyreactivity assessment.[@cit0042] While at least 94% of the unique antibodies from each panning bound the panned antigen, some of them also bound insulin or ssDNA resulting in 85%, 92% and 94% of all clones being assigned as antigen-specific for 4-1BB, EGFR and ROR2, respectively ([Table 1](#t0001){ref-type="table"}). This library was also synthesized with the light chain CDRs diversified using a method analogous to that described above for heavy chain CDR diversification (data not shown). The libraries had nearly identical diversities of 9 × 10^11^ transformants for the common light chain library and 7 × 10^11^ transformants for the diversified light chain library, which enabled a fair comparison between the resulting antibodies obtained from both libraries. Interestingly, the percentage of antigen-specific clones for each antigen from this common light chain library was higher than those from the diversified light chain library (85% vs 62% for 4-1BB, 92% vs 33% for EGFR, 94% vs 21% for ROR2). Overall, at least 42% of all clones screened were unique and antigen specific, leading to at least 555 unique antigen-specific antibodies for each antigen for further characterization. Figure 2.Antibody binding and sequence analysis. (A) Antibody binding specificity ELISA. Results from 1536 antibodies isolated after the 4th and 5th round of panning toward 4-1BB. (B) Germline usage of unique antigen-specific antibodies isolated following library panning toward three different antigens. A total of 887, 601 and 1244 unique antibodies toward 4-1BB, EGFR and ROR2 were identified and included in the analysis ([Table 1](#t0001){ref-type="table"}). (C) CDR-H3 length distribution profile of the unique antigen-specific antibodies across all three panning antigens (blue), the library design (red) and the immune repertoire from 218 human donors (green). (D) Affinities of unique and antigen-specific scFvs toward all three antigens. Antibodies were expressed as full-length IgGs and their monovalent affinities determined at 37 ˚C using SPR. (E) Epitope binning for 32 anti-ROR2 antibodies. The antibodies are grouped based on their common light chain. For each antibody pair it is indicated if they sandwich (Y), do not sandwich (N) or if the results were ambiguous (A).

Antibody characterization {#s0002-0004}
-------------------------

Antigen-specific antibodies were identified from all heavy and light chain combinations, as well as all CDR-H3 lengths included in the library ([Fig. 2B](#f0002){ref-type="fig"} and [Fig. 2C](#f0002){ref-type="fig"}). The cumulative length distribution profile from antibodies toward all three antigens significantly correlated with the library design (R^2^ = 0.76, Pearson\'s one-sided *p* \< 0.001), resulting in an average length of 13.5 compared to 12.8 in the natural repertoire ([Fig. 2B](#f0002){ref-type="fig"}). While the individual and combinatorial usage of each heavy and light chain germline was highly variable across the different panning antigens, V~H~1-69 and V~λ~1-47 were the most used heavy and light chains across all pannings (55% and 48%, respectively) and their pairing consistently provided the most hits (28% overall).

All unique antibodies with the desired binding specificity were selected and subjected to a phage competition ELISA to assess their relative affinities based on percent inhibition ([Table 1](#t0001){ref-type="table"}).[@cit0043] In order to increase assay throughput, phage competition ELISA was not normalized for phage concentrations and only one antigen concentration was used. The results between technical replicates are highly correlated (Pearson\'s one-sided *p* \< 0.0005) and the estimated affinities reasonably predict the actual affinities (Pearson\'s one-sided *p* \< 0.0005, Fig. S6). Up to 93 clones with the highest relative affinities and diverse sequences (Fig. S7) were expressed as full-length IgGs in mammalian cells and their affinities more accurately determined using a surface plasmon resonance (SPR) biosensor assay. Nearly 90% of clones (232 of 258) were successfully expressed and able to bind their respective antigens ([Table 1](#t0001){ref-type="table"}). Their affinities at 37°C ranged from \<1 nM to \>1 µM, with over half having affinities less than 100 nM (137 of 258, [Fig. 2D](#f0002){ref-type="fig"}). These affinities are nearly indistinguishable from antibodies generated toward the same antigens from a library containing the same heavy chain diversity, but also containing light chain diversity (Fig. S8)

A subset of 32 antibodies targeting each of these antigens based on a variety of heavy and light chain pairings was selected for epitope binning to assess their relative epitopic diversity[@cit0044] ([Fig. 2E](#f0002){ref-type="fig"}, Fig. S9). A total of 12--22 bins and 182--269 sandwiching pairs of antibodies were identified for each antigen (Table S2). This is similar to results seen for antibodies based on diversified light chains,[@cit0045] suggesting the use of undiversified light chains has a minimal effect on antigen epitope coverage, which is likely attributed to CDRH3 playing a dominant role in antigen binding.[@cit0046] To take advantage of single cell manufacturing of BsIgG using common light chain antibodies, the antibodies need to be derived from the same common light chain. Reanalyzing the epitope binning results based on their individual light chains reduces the epitope bins and sandwiching pairs per light chain to 1--9 and 0--70, respectively. However, the maximum number of bins and sandwiching pairs is dependent upon the number of unique antibodies tested. When this is taken into consideration, the fraction of possible bins identified is only reduced from 0.53 to 0.44 and the fraction of possible sandwiching pairs actually increases from 0.45 to 0.46.

A representative antibody for each of the three light chains was randomly selected for basic biophysical characterization to ensure they behaved similarly to other monoclonal antibodies. The molecular weights and the amount of higher molecular weight species (HMWS) were determined using size-exclusion chromatography with multi-angle light scattering (SEC-MALS). All antibodies were determined to have an expected molecular weight of approximately 150 kDa and contained less than 0.6--1.2% HMWS (Fig. S10A). Their stability was assessed by differential scanning calorimetry (DSC) to determine the melting temperature (*T~m~*, Fig. S10B). The *T~m~* of the first transition ranged from 69--71°C for each of the antibodies, which are similar to other antibodies.[@cit0016]

Higher affinity antibody generation {#s0002-0005}
-----------------------------------

While the number of common light chain antibodies generated with low to sub-nanomolar affinities is substantially greater than previously reported, we were interested in determining if even higher affinity antibodies could be readily generated. Affinity optimization of individual antibodies is a routine, but time consuming practice. Alternative methods of affinity maturation have been employed to address this bottleneck, such as simultaneous affinity maturation of antibody pools.[@cit0047] A common approach, referred to as light chain shuffling, involves taking the heavy chain of one or more antibodies and combining them with a library of light chains with the goal of identifying a more optimal pairing.[@cit0047] This approach is obviously not feasible with common light chain antibodies since the goal is to maintain an identical light chain with multiple antibodies.

However, the common light chain library design limits the majority of CDR-H3 sequences to pair with a single CDR-H1 and CDR-H2 combination. To identify a more optimal pairing, the CDR-H3 sequences obtained following the 4th round of panning against 4-1BB were recombined with the original library of CDR-H1 and CDR-H2^48^ in a process called H3-shuffling. Germline-specific primers were used to recover the CDR-H3 sequences while maintaining the V~H~ and V~L~ germline pairings of each clone. Library generation was readily accomplished due to the modular nature of the original library design, which incorporated unique germline-specific restriction sites in framework 3 of the heavy chains and a generic restriction site in framework 4 of the heavy chain while minimizing their occurrences in the diversified CDRs ([Fig. 3A](#f0003){ref-type="fig"}). This maintains the CDR-H3 and V~H~ germline pairing and prevents the introduction of non-human sequences in framework 3, which could arise through a PCR-based assembly. Instead of returning to the polyvalent scFv phagemid used to maximize the chance of antibody recovery from the original library, a primarily monovalent Fab display phagemid was used to increase the probability of identifying high affinity clones.[@cit0051] The resulting shuffled library contained 3 × 10^10^ transformants and was subjected to 1 round of plate panning, then 3 rounds of solution panning as described above. Figure 3.Higher affinity antibody generation. (A) Germline-specific primers were used to recover the CDR-H3 sequences while maintaining the V~H~ and V~L~ germline pairings of each clone. The resulting fragments were cloned into a Fab display phagemid containing the original germline pairings for each CDR-H3 sequence. (B) Germline usage of unique antigen-specific antibodies isolated following library panning toward 4-1BB using the original library or CDR-H3 shuffled library. A total of 748 and 135 unique CDR-H3 sequences were identified following panning the original library and CDR-H3 shuffled library, respectively, and included in the analysis. (C) Affinities of unique and antigen-specific scFvs toward 4-1BB from the original library (red) and CDR-H3 shuffled library (purple). Antibodies were expressed as full-length IgGs and their monovalent affinities determined at 37 ˚C using a biosensor. (D) Epitope binning for 32 CDR-H3 shuffled anti-4-1BB antibodies. The antibodies are grouped based on their common light chain. For each antibody pair, it is indicated if they sandwich (Y), do not sandwich (N) or if the results were ambiguous (A).

Following the 4th and final round of panning, 1536 clones were sequenced and their binding toward 4-1BB, a tag control, insulin, and ssDNA were determined using the same automated phage ELISA described above. The total number of unique antigen-specific antibodies based on the V~H~ sequence increased from 750 (49% total) for the original library to 1180 (77% total) for the shuffled library ([Table 1](#t0001){ref-type="table"}). However, only a small fraction of these shuffled library antibodies (135, 11%) had unique CDR-H3 sequences, while the majority (748, 99.7%) from the original library were unique. This was expected since the original library was designed to minimize CDR-H3 sequence redundancy while the shuffled library was designed to promote this redundancy in a search for more optimal pairings with CDR-H1 and CDR-H2. For example, 309 antibodies were identified from the shuffled library that used the same CDR-H3 sequence, but differed in CDR-H1 and CDR-H2. The heavy and light chain germline usage of these antibodies was also rather different pre- and post-shuffling ([Fig. 3B](#f0003){ref-type="fig"}).

A diverse set of 760 antigen-specific antibodies including at least one antibody from each unique CDR-H3 were subjected to a phage competition ELISA. Significantly more antibodies (94%) had percent inhibitions \>50% from the shuffled library compared to the original library (6%, Fig. S11A). Antibodies sharing the same CDR-H3 sequence but differing in their CDR-H1 and CDR-H2 sequences can exhibit a nearly two order of magnitude range in relative affinities as estimated using their percent inhibitions (Fig. S11B). A set of 91 antibodies with diverse CDR-H3 sequences and higher percent inhibitions were expressed as full-length IgGs in mammalian cells and their affinities more accurately determined using an SPR biosensor assay (Fig. S11C). Nearly all the antibodies (96%) were successfully expressed and able to bind 4-1BB ([Table 1](#t0001){ref-type="table"}). Their affinities ranged from 0.2 nM to 117 nM with an average affinity of 13 nM compared to a range of 1 nM to 1 μM and an average affinity of 128 nM for the antibodies from the original library ([Fig. 3C](#f0003){ref-type="fig"}).

A total of 16 unique epitope bins were identified across a panel of 32 antibodies including 292 sandwiching pairs (Table S2, Fig. S12). Based on individual light chains, these numbers were again reduced to 2--8 epitope bins and 11--23 sandwiching partners, but the fraction of possible bins and sandwiching pairs was only reduced from 0.50 to 0.44 and from 0.59 to 0.42, respectively. Surprisingly, the number of epitope bins and sandwiching pairs identified from the shuffled library was actually higher than from the anti-4-1BB antibodies obtained from the original library. This indicates that the shuffling process provides a straightforward method to significantly increase antibody affinity without negatively affecting the epitopic diversity.

Bispecific antibody generation {#s0002-0006}
------------------------------

Identifying the two antibodies that result in a BsIgG with optimal function requires empirically testing numerous antibody combinations. While large quantities of highly pure individual BsIgG can readily be obtained by combining Protein A and ion exchange chromatography (IEC),[@cit0014] many BsIgG require the development of custom purification conditions because the isoelectric points (pI) of the two antibodies are too similar, leading to poor separation by IEC. This hinders the generation of large, diverse panels of high purity BsIgG for further testing and characterization. To circumvent this problem, we developed universal purification conditions that can be used for all antibodies regardless of their isoelectric points. Specifically, we modified our existing BsIgG technology[@cit0016] by incorporating a polyhistidine tag on the C-terminus of the heavy chain with a higher pI (hIgG2 RRRR) to accentuate the pI difference from the heavy chain with a lower pI (hIgG2 EEE, [Fig. 4A](#f0004){ref-type="fig"}). Figure 4.Universal method for BsIgG expression and purification. (A) Schematic of the method. Both heavy chains (higher pI in blue, lower pI in red) and their shared common light chain (gray) are co-expressed from a single cell. The heavy chains contain complementary mutations in their constant regions to facilitate preferentially heterodimer formation.[@cit0016] A polyhistidine tag was incorporated on the C-terminus of the heavy chain with the lower pI. The clarified cell culture supernatant was subjected to an automated four-step tandem purification process on an FPLC to purify the BsIgG from the monospecific contaminants. (B) Ion exchange chromatography (IEC) elution profiles of individually expressed mAb A hIgG2 EEE (red) and mAb B hIgG2 RRRR (blue), and co-expression of mAb A and mAb B (green). The linear gradient of percent buffer B (black) is also shown. The number of histidines in the polyhistidine tag on mAb B hIgG2 RRRR is indicated.

Two model antibodies that utilize the same common light chain, but bind to different antigens were cloned into either the hIgG2 RRRR construct with up to a 10x polyhistidine tag or the hIgG2 EEE construct, then expressed individually or co-expressed in mammalian cells. The clarified cell culture supernatants were purified via fast protein liquid chromatography (FPLC) using Protein A and IEC. The IEC fractions expected to be the BsIgG were collected and dialyzed in phosphate-buffered saline, then confirmed to be the BsIgG by antigen binding using bio-layer interferometry (BLI). As expected, the separation of the BsIgG from the monospecific contaminants increased proportionally to the length of the polyhistidine tag, leading to robust separation of the BsIgG from the monospecific contaminants ([Fig. 4B](#f0004){ref-type="fig"}). While the 10x polyhistidine tag resulted in the most robust separation, the inclusion of the polyhistidine tag raised concerns that it may increase non-specific binding. This concern was addressed by incubating each BsIgG at up to 100 nM with cells that do not express either target antigen, and then detecting bound IgG with anti-human IgG Alexa Fluor 647 by flow cytometry. Only the BsIgG with the 10x polyhistidine tag showed evidence of non-specific binding (Fig. S13).

Based on these results, an ion exchange protocol was developed for the 8x polyhistidine-tag BsIgG that could be used for all BsIgG regardless of their variable domain isoelectric points. This enabled the development of a fully automated FPLC purification process that produces high purity BsIgG in the final formulation buffer from a 50 mL culture in 2.5 hours ([Fig. 4A](#f0004){ref-type="fig"}). This process was used to generate 285 BsIgGs toward 4-1BB with an average yield of 2.0 ± 1.1 mg. In situations where lower quantities of antibody are required and higher throughput is desired, the process throughput can be increased using high performance liquid chromatography (HPLC). Interestingly, these BsIgGs were already 79 ± 13% pure after Protein A purification.

Antibody-induced 4-1BB signaling {#s0002-0007}
--------------------------------

4-1BB is a co-stimulatory receptor expressed on the surface of activated immune cells, including T cells.[@cit0052] Interaction with its ligand, 4-1BBL, activates the NFκB signaling cascade, resulting in increased T cell cytotoxicity and survival, and thus enhanced tumor clearance.[@cit0052] We[@cit0053] and others[@cit0054] have shown that agonistic antibodies toward 4-1BB can be used to mimic this interaction, and agonistic anti-4-1BB antibodies have been shown to have a clinical benefit in multiple cancer indications.[@cit0055] However, these antibodies are specific for human 4-1BB, which makes it challenging to dissect their mechanism of action using fully immunocompetent mouse models. To address this issue, the common light chain antibodies described above were generated toward mouse 4-1BB. These surrogate antibodies can be used as tools to increase our understanding of the underlying biology of this therapeutic approach and potentially improve upon it.[@cit0056]

Common light chain antibodies with a range of affinities and epitopes toward mouse 4-1BB were expressed as either traditional IgGs or BsIgG, and then their ability to induce 4-1BB signaling was determined using an *in vitro* cell based assay (Fig. S14). Since agonistic antibodies toward 4-1BB and other receptors frequently depend upon Fc gamma receptor (FcγR) engagement to induce signaling,[@cit0009] the antibodies were immobilized to mimic FcγR-mediated crosslinking, then incubated with HEK293T cells transduced with mouse 4-1BB and an NFκB luciferase reporter. The results from this type of cell line correlate well with those from stimulated primary T cells and allow direct comparison of antibodies across multiple assays by avoiding donor T cell variability.[@cit0053] Both monoclonal and bispecific antibodies with a wide range of activity with regards to both EC~50~ and maximum signaling intensity were identified ([Fig. 5](#f0005){ref-type="fig"}). Surprisingly, there was no apparent correlation between EC~50~ and antibody affinity or epitope, and the most potent molecule was a monoclonal antibody (mAb117). None of the antibodies induced 4-1BB signaling when co-incubated in solution with the HEK293T reporter cell line (data not shown) as expected from similar experiments conducted with antibodies targeting human 4-1BB. Figure 5.Antibody induced 4-1BB. Both monospecific and bispecific antibodies with a range of EC~50~ and maximum signaling levels were generated. The positive control is the commercially available anti-mouse 4-1BB antibody MAB9371 (red dashed) and the negative control is an antibody toward an irrelevant antigen (black dashed). The sample name includes the antibody affinity. All antibodies were generated with human IgG2dA D265A Fcs with or without the bispecific EEE or RRRR mutations. The relative luminescence units (RLU) for each antibody was normalized to the positive control included on the same assay plate. High throughput screening limited the number of replicates to an *N* of 1 or 2 for all antibodies with the exception of MAB9371 which had an average standard deviation of 0.06 normalized RLU over 10 replicates at each of 6 concentrations (Fig. S13).

Discussion {#s0003}
==========

We developed a synthetic human antibody library based on undiversified common light chains to generate antibodies with biophysical and biochemical properties indistinguishable from traditional monoclonal antibodies, which is critical for successful therapeutic development. We demonstrated how this library can be used to generate large panels of high affinity antibodies that bind diverse epitopes on a variety of antigens. In contrast to previous work,[@cit0022] at least 10 antibodies with single-digit nanomolar affinities were isolated directly from the libraries toward each antigen and at least one antibody based on each of the three common light chains was identified. Further, the binding kinetics were determined at 37°C so the affinity improvement compared to these previous reports is likely even higher since they used lower temperatures, which typically results in lower K~D~ values.[@cit0057]

Our common light chain antibodies have similar affinities and epitope coverage compared to antibodies with diversified light chains, and they can also be affinity matured in pools using a parallel library-based approach analogous to that employed for traditional antibodies.[@cit0048] This approach resulted in antibodies with 10-fold higher average affinities compared to antibodies isolated directly from the library, which is similar to what others have accomplished when affinity maturing common light chain antibodies on an individual basis, but it drastically expedites the process since hundreds of antibodies are affinity matured in parallel.[@cit0026] Further, these antibodies maintained their specificity and breadth of epitope coverage, which is critical for obtaining antibodies with the desired function. This was readily accomplished since the library contained germline-specific restrictions sites in the framework regions that were used to recombine the antigen-specific antibody CDR-H3 sequences obtained from the initial panning with up to nearly a billion CDR-H1 and CDR-H2 sequence combinations to find a more optimal pairing. The incorporation of this step further justifies minimizing CDR-H3 redundancy in the library design. In essence, this process mimics the natural antibody diversification process that occurs in B cells where the heavy and light chain pairing is established then the antibody is affinity matured through rounds of somatic hypermutation.

Generating sufficient quantities of BsIgGs has been a major limitation to their discovery. Here, we demonstrated that single cell expression of common light chain BsIgGs with complementary Fcs that facilitated preferential heterodimerization are 79% pure following protein A purification alone, which is dramatically higher than the 25% expected for BsIgGs requiring two different light chains. In instances where the functional screen is tolerant of this level of purity, thousands of BsIgGs could be generated using 96-well plate expression and purification approaches for initial screening. However, this level of purity is neither sufficient for all functional assays nor acceptable for accurate functional assessment and additional characterization. To address this issue, we developed a simple approach coupled with an automated continuous purification process based on existing bispecific antibody manufacturing techniques[@cit0016] to enable the purification of highly pure common light chain BsIgG at the milligram scale in 2.5 hours without the need for per-antibody customization. The key to developing this process was the incorporation of a small polyhistidine tag on the C-terminus of one of the heavy chains, which results in robust and reproducible separation of the contaminating monospecific antibodies from the desired BsIgG during the IEC step. While our approach was based on accentuating the pI difference that exists between the two heavy chains that preferentially heterodimerize using our BsIgG technology,[@cit0016] it could be used with any Fc heterodimerization technology, such as the commonly used knobs-into-holes approach.[@cit0058]

It has become apparent that the therapeutic mechanisms of actions of many cancer immunotherapies are complex and will require the use of immuno-competent mouse models to more comprehensively understand the underlying biology.[@cit0059] Many therapeutic antibodies, however, do not cross-react with their mouse counterparts due to low sequence homology. This includes antibodies toward 4-1BB, which has been shown to be a therapeutically important T cell costimulatory receptor.[@cit0053] While the most advanced antibodies showed early evidence of clinical activity, they have different safety profiles, which could be the result of antibody intrinsic differences, such as their affinities, epitopes or Fc isotypes, or extrinsic differences, such as the patient populations treated.[@cit0061] Surrogate antibodies that recognize mouse 4-1BB are required to investigate these questions in syngeneic mouse models. To help with this future work, we used the methods described above to generate traditional monoclonal antibodies toward mouse 4-1BB, as well as dozens of highly pure bispecific antibodies per week and hundreds overall with minimal human involvement. This enabled us to find antibodies that induce mouse 4-1BB signaling with a range of activity. While more potent antibodies were identified compared to existing antibodies, none of the antibodies were able to induce FcγR-independent activation,[@cit0009] including BsIgGs derived from antibodies with non-overlapping epitopes. These antibodies will serve as valuable tools to enable further dissection of antibody-mediated modulation of 4-1BB in immunocompetent mouse models in an attempt to find more optimal therapeutic antibodies.

Another important aspect of the common light chain antibodies generated here is the origin of their synthetic antibody sequences. Not only are the heavy chains sequences designed to look indistinguishable from antibodies derived from humans,[@cit0037] but the common light chain sequences used are based on the germline sequences of light chains that are frequently used by humans,[@cit0031] and the exact sequence was found in nearly all individuals sequenced. They are thus potentially less immunogenic than traditional monoclonal antibodies that contain non-germline light chain sequences. Further, they have biophysical properties typical of therapeutic IgGs which makes them suitable for both therapeutic monoclonal and bispecific antibody development.

Overall, we developed a process to generate high affinity common light chain antibodies with broad epitope coverage by mimicking the natural antibody evolutionary process. BsIgG based on common light chain antibodies can be easily discovered and generated, resulting in antibodies with biochemical and biophysical properties that are indistinguishable from traditionally generated human antibodies. This approach allows more antibodies to be evaluated preclinically, and will hopefully lead to BsIgGs with more optimal therapeutic properties.

Materials and methods {#s0004}
=====================

Antibody discovery {#s0004-0001}
------------------

Antigens containing a C-terminal 8x polyhistidine tag and AviTag™ (Avidity LLC) were expressed using the Expi293 system (Thermo Fisher Scientific), and then purified on an AKTA Avant (GE Healthcare) using a HisTrap excel (GE Healthcare) column followed by a Superdex 200 Increase GL (GE Healthcare) column according to the manufacturer\'s protocols. Site-specific biotinylation through the AviTag™ (Avidity, Cat. No. BirA-500) was performed according to the manufacturer\'s protocols. The V~H~ libraries were synthesized using the Slonomics® technology (MorphoSys) in a manner similar to that previously described.[@cit0037] The phage displayed library was prepared and biopanning performed with site-specifically biotinylated antigen using an established protocol as a guideline.[@cit0037] Automated phage ELISAs were based on previously described methods.[@cit0062] For higher affinity antibody generation, the CDR-H3 sequences were recovered from phages from the 4th round of biopanning by PCR using V~H~ FW3 and V~L~ FW1 germline-specific primers, subcloned into a phagemid containing the cognate V~L~ and CDR-H1 and CDR-H2 library; the phage-displayed library was then prepared, biopanning performed and antibody screening performed using phage ELISAs in a manner similar to what is described above. Full details are described in Supplemental materials.

Antibody expression and purification {#s0004-0002}
------------------------------------

The variable heavy chain domain from the antibody fragments were recovered by PCR and subcloned into a mammalian expression vector for full-length human IgG expression, then expressed using the Expi293 system. Purification was performed using an AKTA Avant (GE Healthcare) equipped for multistep tandem purification in a manner similar to that previously described.[@cit0063] Traditional IgGs were purified from conditioned medium with a HiTrap™ MabSelect SuRe (GE Healthcare) column followed by a HiPrep™ Desalting Column (GE Healthcare) according to the manufacturer\'s protocols. A~280~-based watch conditions were implemented during the HiTrap MabSelect Sure purification elution phase to direct the eluate to the HiPrep™ Desalting Column. For bispecific IgG purification, the eluate from the HiTrap™ MabSelect SuRe column was directed to the HiPrep™ Desalting Column followed by purification with MonoS GL (GE Healthcare) HiPrep™ and an additional HiPrep™ Desalting Column purification step. A~280~-based watch conditions were implemented during the initial HiPrep™ Desalting Column purification to direct the eluate to the MonoS GL column. Unless otherwise indicated, the MonoS GL purification was performed with a multistep protocol consisting of a step gradient to 25% Buffer B for 5 column volumes, a linear gradient of 25--75% Buffer B over 40 column volumes and a step gradient to 100% Buffer B for 5 column volumes with A~280~-based watch conditions implemented during the linear gradient phase to direct the eluate to the HiPrep™ Desalting Column. Full details are described in in Supplemental materials.

Antibody characterization {#s0004-0003}
-------------------------

The molecular weights were determined using multi-angle light scattering and the thermal stability determined using differential scanning calorimetry as previously described.[@cit0016] Antibody binding kinetics and affinities were determined by SPR using a Biacore 4000 biosensor (GE Lifesciences) similar to a manner previously described.[@cit0064] Antibody epitope binning was performed using a previously described sandwiching technique[@cit0044] with the exception of modifications for antibody capture and regeneration and a combination of SPR and BLI was used. An automated mouse 4-1bb signaling assay was based on a previously described method.[@cit0053] Full details are described in in Supplemental materials.
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